Electric dipole moments are extremely sensitive probes of physics beyond the Standard Model. A vibrant experimental program is in place, with the goal of improving existing bounds on the electron and neutron electric dipole moments by one or two orders of magnitude, while testing new ideas for the measurement of electric dipole moments of light ions, such as the proton and the deuteron, at a comparable level. The success of this program, and its implications for physics beyond the Standard Model, relies on the precise calculation of the electric dipole moments in terms of the couplings of CP-violating operators induced by beyond-the-StandardModel physics. In light of the nonperturbative nature of both QCD at low energy and of the nuclear interactions, these calculations have proven difficult, and are affected by large theoretical uncertainties. In this talk I will review the progress that has been achieved on different aspects of the calculation of hadronic and nuclear EDMs, the challenges that remain to be faced, and the implications for our understanding of physics beyond the Standard Model.
Introduction
The observation of a permanent electric dipole moment (EDM) would be a signal of the violation of the symmetries of parity (P ) and time reversal (T ), and, consequently, of charge conjugation and parity (CP ). EDMs are mostly sensitive to CP violation (CPV) in the quark and lepton flavor diagonal sectors, and thus are largely unaffected by CPV in the Standard Model (SM), represented by the phase of the CabibboKobayashi-Maskawa (CKM) matrix. The phase of the CKM matrix contributes to the neutron and electron EDMs at the level of 10 −19 and 10 −25 e fm [1, 2] , orders of magnitude away from the current experimental bounds, d n < 3.0 · 10 −13 e fm [3, 4] and d e < 8.7 · 10 −16 e fm [5] . EDM searches are then in the ideal situation of having negligible SM background, so that an observation in the next generation of experiments would be a clear indication of physics beyond the Standard Model (BSM).
EDM searches are performed on a variety of systems, from the muon [6] and the neutron [3, 4] , to diamagnetic atoms as 199 Hg, 129 Xe and 225 Ra [7, 8, 9] , to paramagnetic atoms and molecules such as ThO and HfF [5, 10] , which are mostly sensitive to the electron EDM. The current limits on the EDMs of these systems are reported in Table 1 . Future experiments will improve these bounds by one or two orders of magnitude [11] . While the observation of an EDM in any of these systems will reveal the existence of new sources of CPV, with profound implications for the understanding of the matter-antimatter asymmetry of the universe, the "inverse problem", i.e. using EDM experiments to identify the microscopic CPV mechanism(s) and discriminate between various BSM scenarios, is complicated by the fact that hadronic, nuclear and atomic EDMs are sensitive to a variety of physical scales, from those typical of atomic and nuclear physics to the TeV or multi-TeV scale.
The multiscale nature of the problem suggests to attack it with the tools of Effective Field Theories (EFTs). Assuming that BSM physics arises at scales much larger than the electroweak, new CPV effects are captured by SU (3) c × SU (2) L × U (1) Yinvariant operators of higher canonical dimension, starting at dimension six. The extension of the SM with these effective operators is dubbed SM Effective Field Theory (SM-EFT), and the complete set of dimension-six operators is given in Refs. [12, 13] . The operators in the SM-EFT can be used for collider phenomenology, but to study EDM experiments it is convenient to match the SM-EFT to an SU (3) c × U (1) eminvariant EFT [14, 15] . This matching step can be performed in perturbation theory and allows to model-independently preserve a link between EDMs and other lowenergy precision experiments, such as CPV violation in the kaon or B meson systems. Going down in energy, one has to match the theory at the quark-gluon level onto a theory of hadrons, such as chiral perturbation theory (χPT) or chiral EFT (χEFT). This step is inherently nonperturbative, and, as we will discuss, is at the moment affected by large theoretical uncertainties, often ∼ 100%. Finally, one can use χEFT Table 1 : Current limits on the electron [5] , neutron [3, 4] , mercury [7] , xenon [8] and radium [9] EDMs in units of e fm (90% confidence level).
to compute EDM of light nuclei, and use the T -violating nucleon-nucleon potential and currents derived in χEFT as input for many-body calculations.
From this schematic description, one can appreciate that achieving a seamless connection between nuclear and atomic EDMs and the high-energy mechanism that generates them requires a careful control of the theoretical uncertainties, in particular those arising from nonperturbative QCD and nuclear physics. The importance of such control can be appreciated by considering two examples, discussed in Refs. [16, 17] . The top sector of the SM-EFT contains a gluonic and a weak dipole operator,
where g and g s are the SU (2) L and SU (3) c gauge couplings, and the coefficients C g and C W t are in general complex, C α = c α + ic α . The real parts c g and c W t are constrained by processes involving the Higgs boson and/or top quarks, such as gg → h, tt and single-t production, and top decays. Indirect constraints from the S parameter, and b → sγ also play an important role, especially for C W t [16, 17] . From Fig. 1 one can see that the limits on c g and c W t are at the level of ∼ 5%-10%, pointing to scales slightly above the TeV. Interestingly, the top chromo-magnetic moment c g is more constrained by Higgs production via gluon fusion than by tt production. The limits on the imaginary part of the coefficients,c W t andc g , are shown on the y-axes in Fig.  1 , and are obtained by using two strategies. In the "central" strategy, the theoretical uncertainties on the nucleon and nuclear EDMs are neglected. The limits obtained with this strategy show the full potential of EDM experiments. In the "Rfit" strategy, on the other hand, we vary all theoretical uncertainties affecting the nucleon and nuclear EDMs within the allowed ranges, assuming a flat distribution, and minimize the total χ 2 . This method corresponds to the Range-fit (R-fit) procedure defined in Ref. [18] . Fig. 1 shows that the limits onc W t andc g are completely dominated by EDM experiments, and thatc W t andc g are much more strongly constrained than their real counterpart, pointing to new physics scales larger than 10 TeV. In the case ofc W t the bound is dominated by two-loop contributions to the electron EDM [16, 17] , and it is largely unaffected by theoretical uncertainties. On the other hand, the bound oñ c g is dominated by the neutron EDM, and in this case the effect of taking into account theoretical uncertainties is dramatic. Indeed, while the EDM bounds obtained in the central strategy are one order of magnitude stronger than collider, with the current uncertainties on hadronic matrix elements the Rfit strategy allows for cancellations between different contributions to d n , causing the constraints to become weaker by a factor of ten. This example illustrates how improving the knowledge of hadronic matrix elements of CPV operators is crucial to make the most of the rich EDM experimental program. In the rest of my talk I will discuss how EFTs can help achieve this important goal.
From quarks to nucleons
We consider QCD with three flavors of light quarks. The CPV sector of the Lagrangian contains a single dimension-four operator, the QCD θ term [19, 20, 21] . In χEFT, it is convenient to rotate the θ term into a complex mass term, obtaining, after vacuum alignment [22] ,
where
and the combinations of light quarks masses m and are 2m
The low-energy CPV operators relevant for EDMs have been cataloged in several works, e.g. Refs. [1, 24] . Ref. [23] considered all the low-energy operators that are induced by SM-EFT operators at tree level, retaining the two lightest quarks. Generalizing to three light flavors, we find that there are 19 SU (3) c ×U (1) em -invariant purely hadronic operators that can be induced at tree level by SM-EFT operators
The coefficientsC G ,c γ,g , and the Weinberg three-gluon operators CG have received the most attention in the literature [1, 25] . The four-quark operators Ξ arise, for example, in left-right symmetric models, while Σ are generated in leptoquarks models, see for example Ref. [26, 27, 28] .
In addition to the hadronic operators, there are three leptonic EDM operators and four semileptonic operators
The Lagrangians in Eq. (4) and (5) need to be matched onto χPT. For quark bilinear operators, such as those in Eq. (5) orc
γ , such matching is equivalent to computing the nucleon scalar, pseudoscalar and tensor charges. Thanks to progress in Lattice QCD (LQCD), these are now known with better than 10% accuracy [29, 30, 31] .
The situation is more complicated in the case of the remaining hadronic operators in Eq. (4). The chiral Lagrangian which is relevant for the calculation of the nucleon and nuclear EDMs at leading order is [23] 
where N and π denote nucleon and pion fields, and F π = 92.2 MeV is the pion decay constant. The first two operators in Eq. (6) subsume short-range contributions to the nucleon EDM. g 0,1 denote CPV pion-nucleon couplings, which give long-range contributions to the nucleon EDM [32] and to the CPV nucleon-nucleon potential [33, 23] .
In terms of these couplings, the nucleon and proton EDMs are [36, 35, 37] 
where κ 0,1 are the isoscalar and isovector anomalous magnetic moments, κ 1 = 3.7 and κ 0 = −0.12. The second term on the r.h.s. of Eq. (7) is induced by pion loops. The pion loop contribution is dominated by g 0 , and scales as g 0 2 χ , where χ is the χPT expansion parameter, χ = Q/Λ χ , with Q ∼ m π and Λ χ ∼ 1 GeV.
The calculation of EDMs of light nuclei has received substantial attention in recent years, reaching a very satisfactory level of accuracy [38, 39, 40, 41, 42, 43, 44, 45, 46, 47] . The expression for light nuclear EDMs is
with a n,p ∼ 1, and a 0,1 ∼ 1/F π , barring additional suppression factors, e.g. from isospin invariance in nuclei with N = Z [38, 42] . Using, for example, the results of Refs. [43, 44] , one finds
d3 He = 0.90d n − 0.03d p − 0.11 4). χ denotes the χEFT expansion parameter χ = Q/Λ χ , with Q ∼ m π . v = Λ χ /v is the suppression factor of dimension-six operators, while indicates that the contribution to the LEC requires isospin breaking from the quark masses.
Other calculations finds similar results, for compilations of recent results see the reviews [48, 49] . From Eqs. (7), (8), (9), we see that light nuclear EDMs receive an enhanced contribution from CPV pion-nucleon couplings, and are sensitive to different combinations of couplings with respect to the nucleon EDM. For these reasons, the proposed searches of the proton and deuteron EDMs in storage ring experiments [50] are very exciting.
To connect EDM experiments with the microscopic mechanism of CPV, one needs to determine the dependence of the low-energy constants (LECs) d 0,1 and g 0,1 on the couplings of the quark level theory. Naive dimensional analysis (NDA) [51] allows to estimate the relative importance of the LECs, determined by their scalings with χ , which are given in Table 2 [23, 34] . The NDA expectations of Table 2 , which follow from the transformation properties of the dimension-six operators under chiral symmetry and isospin, allow to identify interesting hierarchy patterns between the four LECs, which are typical or certain classes of operators, and, if observed, would offer important clues to disentangle various BSM scenarios.
For example, operators that break chiral symmetry but not isospin, such as the QCD θ term, generate a large g 0 , but a suppressed g 1 , while operators that break chiral symmetry and isospin, such as Ξ (ud) 1,2 or the qCEDM, generate g 1 and g 0 of similar sizes. In the first case, one would expect to find that the deuteron EDM is well approximated by d n + d p , while in the second d d should be roughly a factor of 10 larger than d n + d p . To draw quantitative conclusions, however, we need to replace the NDA estimates in Table 2 with solid, first principle calculations.
Determination of the LECs
The status of the determination of the LECs in Table 2 is, unfortunately, far from settled. The simplest operators in Eq. (4) are the qEDMs,c (q) γ , since in this case the nucleon EDM is determined by the nucleon tensor charge, the matrix element of a quark bilinear. The nucleon EDM induced byc (u,d) γ is known at the 5% level [29, 30, 31] . The error on the contribution ofc (s) γ is larger, but both Ref. [29] and [31] observe a non-zero signal.
There has been considerable effort in the LQCD community to pin down the nucleon EDM induced by the QCD θ term [52, 53, 54, 55, 56, 57, 58, 59] . Unfortunately, as discussed in Ref. [59] , at the moment all calculations give results compatible with zero. The best estimate of the nucleon EDM induced by θ is still the one based on the assumption that the chiral logarithm dominates Eq. (7), as originally suggested in Ref. [32] , coupled with the improved determination of g 0 (θ) discussed in Ref. [60] . The study of the nucleon EDM induced byc
g andC G is also a very active research area [59, 61, 62, 63] . Since the LQCD results are not yet conclusive, the best estimates remain those derived with QCD sum rules [1, 64, 65] .
The determination of CPV pion-nucleon couplings is facilitated by chiral symmetry. For CPV sources that break chiral symmetry, it is indeed possible to prove that pion-nucleon couplings are related to modifications of the baryon spectrum, as pointed out for θ in Ref. [32] . In the case of the QCD θ term, one can prove that, up to small N 2 LO corrections,
where (m n − m p ) str is the contribution to the nucleon mass difference induced by m d − m u . The relation is valid both in SU (2) and SU (3) χPT [60] . Because of the contamination from electromagnetic isospin breaking, (m n − m p ) str cannot be extracted from data, but it can be lifted from existing LQCD calculations [66, 67, 68] , to yield a precise value for g 0
where the first error is the LQCD error on (m n − m p ) str , while the second is a conservative estimate of the error due to missing N 2 LO terms in χPT. Similarly, the CPV couplings induced byc 3,4 can be extracted from modifications to the baryon spectrum induced by the CP-conserving chiral partners of CPV operators [69, 34, 70, 71] . For example, in the case of the qCEDM, introducing the chromo-magnetic operators
and defining the couplings v
g , one finds [69] 
where r is the ratio of vacuum matrix elements
and θ ind is a combination of coefficients
If the Peccei-Quinn mechanism is active [72] , θ ind is the minimum of the axion potential in the presence of the qCEDM, so that θ relaxes to θ ind . Eqs. (14) and (15) show that the CPV pion-nucleon couplings induced by the qCEDM are determined by the pion and nucleon generalized sigma terms. Relations such as Eq. (14) are useful because these generalized sigma terms are more easily accessible in LQCD [69] , thus providing a concrete avenue for a reliable and systematically improvable determination of g 0,1 . A common feature of relations as Eq. (14) is that the pion-nucleon couplings receive a "direct" contribution, proportional to the nucleon matrix element of the dimension-six operators, and a "tadpole" contribution, which involves the vacuum matrix element of SM-EFT operators, and the standard nucleon sigma term and mass splitting. While calculations are in progress that will give the full CPV pionnucleon couplings, we can already estimate the tadpole contributions. Indeed, r in Eq. (15) has been estimated in Ref. [74] , yielding r = 0.4 GeV 2 . The analogous vacuum matrix elements for the operators Ξ 3,4 are related by SU (3) chiral symmetry to matrix elements required to estimate BSM contributions to K-K oscillations, the electroweak penguin contributions to K → ππ and pion-range nonstandard contributions to neutrinoless double beta decay [34, 70, 73] . These matrix elements have been computed in LQCD with good accuracy [75, 76, 77, 78, 79, 80] , allowing for reliable estimates of the tadpole contributions to g 0,1 . Using for example the results of Refs. [78, 80] (17)
, where the coefficients are evaluated at 3 GeV, and we used the values m = (m u + m d )/2 = 3.37 ± 0.08 MeV, = 0.37 ± 0.03 [81] , m(dm N /dm) = 59.1 ± 3.5 MeV [82] and (d(m n − m p )/dm ) (m n − m p ) str /(m ) = (2.49 ± 0.17 MeV)/(m ) [66, 67] . From these expressions we see that g 1 is usually larger than g 0 , due to the fact that the nucleon sigma term is much larger than the nucleon mass splitting. The tadpole components of g 1 are in good agreement with the NDA expectations of Table 2 , with the exception of Ξ , where the coupling is enhanced by the large vacuum matrix element of the color-mixed operators [78, 76, 80] . The large values of g 1 in several non-θ scenarios, if confirmed by the full calculations, will enhance the deuteron, 199 Hg and 225 Ra EDMs.
Conclusions
CP violation in the Standard Model is insufficient to explain the matter-antimatter asymmetry in the universe. The new CPV sources required in many baryogenesis scenarios might manifest themselves in EDM experiments. A rich experimental program is underway, with the goal of improving the limits on the EDM of leptons, hadrons, diamagnetic and paramagnetic atoms, and molecules by one or two orders of magnitude. To take advantage of the experimental program, the theory of EDMs needs to make comparable progress. In this talk I have discussed an EFT approach to EDMs. EFTs allow to parametrize EDMs in terms of the coefficients of few quark-level operators, to identify the most important CPV low-energy interactions between pions and nucleons, to derive T -violating potentials and currents, and to compute EDMs of the nucleon and of light nuclei. The most important missing piece for a seamless connection of EDM experiments to high-energy physics is the nonperturbative matching between the EFT at the quark-gluon level and χPT. I have reviewed progress in this area, and discussed the challenges that remain to be faced.
